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To analyze carbohydrates, a high separation efficiency is required, because oligosaccharides have branched structures and comprise a variety of isomers and homologues. Chromatographic methods have recently been commonly used to identify the oligosaccharide structures in a glycoprotein. They are powerful methods for the structural characterization of N-linked oligosaccharides, and consume only picomoles of samples. For example, a two-dimensional sugar mapping technique for pyridylaminated oligosaccharides [1] [2] [3] or a highperformance anion-exchange chromatography with a pulsed amperometric detector 4 are well known as high-resolution and sensitive methods.
High-performance capillary electrophoresis (HPCE), which is a relatively new separation technique, is known as a highresolution, simple and rapid method. Usually, it does not require any pretreatment steps, and permits analyses by a variety of separation modes simply by changing the selection of a running electrolyte solution. Thus, HPCE has extended its applicability to various kinds of carbohydrates, including monosaccharides, oligosaccharides, glycosaminoglycans (GAGs), and glycans of glycoproteins. [5] [6] [7] [8] [9] [10] These methods are superior in small sample consumption and easy operations to other methods including HPLC analyses.
Because most of carbohydrates do not have strong absorbance in UV and visible regions, labeling procedures are necessary for HPCE analyses. 2-Aminobenzoic acid (2-AA) is a useful derivatizing reagent for carbohydrate analyses. [11] [12] [13] [14] [15] [16] [17] [18] The 2-AA labeling procedure is rapid, selective, and easy to perform. 14 Moreover, 2-AA derivatives are able to become charged positively, negatively, or neutral, depending on the pH of a running buffer, since it has both a carboxyl group and an amino group. 15 This charge flexibility is suitable for multidimensional HPCE analysis. We have reported on a highly efficient derivatizing method and the determination of 2-AA-derivatized monosaccharides by HPCE with UV detection. 15, 17, 18 This method has advantages of simplicity, rapidness, high resolution, and high sensitivity. In the present paper, we report that the HPCE separations of 2-AA-derivatized GAGs and N-linked glycans of glycoproteins have also been achieved.
Experimental

Reagents
All of the reagents were of the highest grade available and used without any further purification. Sodium cyanoborohydride was from Aldrich. Various sulfated heparinderived-∆-disaccharides and heparan sulfate-derived-∆-disaccharides, chondroitin sulfate-∆-disaccharides, hyaluronic acid, keratan sulfate from bovine cornea, glucose-oligomer, Nglycan, chondroitinase ABC, and keratenase II (Bacillus sp.) were all purchased from Seikagaku Kogyo Corp. (Tokyo, Japan). Other reagents were from Wako Pure Chemical Industries (Osaka, Japan).
Enzymatic degradation of GAG
Hyaluronic acid and keratan sulfate were enzymatically digested to disaccharides. The polysaccharide (0.05 mg dry weight) was dissolved in 60 µl of 50 mM phosphate buffer, pH 6 containing 0.1 or 10 m units of chondroitinase ABC or keratenase II, respectively, and digested at 37˚C for 8 h. The digestion was terminated by boiling for 1 min; after that the mixtures were lyophilized.
Derivatization of oligosaccharides with 2-aminobenzoic acid (2-AA)
All saccharides were derivatized with 2-AA according to a method of Sato et al. 17 Briefly, a dried sample was dissolved in 5 µl of a reaction reagent containing 0.2 M 2-AA and 1 M sodium cyanoborohydride in H2O, and incubated at 65˚C for 4 h. The resulting solution was diluted with a running electrolyte solution for HPCE analysis.
High-performance capillary electrophoresis (HPCE)
2-AA derivatives were separated using a Waters Quanta 4000 E capillary electrophoresis system with a fused-silica capillary tube (75 µm i.d. × 60 cm, 50 cm to detector). Sample solutions were siphoned for 10 s in a hydrostatic mode (10 cm height) from the anodic end of the capillary. The estimated volume of the injected sample is approximately 11 nl. All of the electrolyte solutions used are listed in the Results and Discussion section. Between runs, the capillary was washed first with 1 M NaOH for 2 min, and then with MilliQ water for 1 min. Subsequently, it was equilibrated with the running electrolyte solution for 3 min. Electrophoresis was performed using a constant voltage of 20 kV or 15 kV at 25˚C, with on-line column UV detection at 214 nm.
The electrolyte solutions were prepared as follows: boric acid was dissolved in a sodium phosphate solution, and then its pH was adjusted with NaOH.
Results and Discussion
GAG analysis
The separation of 2-AA-labeled GAG-∆-disaccharides was performed using a borate-phosphate buffer as a running electrolyte solution. Figure 1 shows the structures of the analyzed disaccharides.
We have reported that monosaccharides could be effectively resolved on a fused-silica capillary tube using 150 mM borate in a 50 mM phosphate buffer (pH 7.0) as a running electrolyte solution. 17 Under the same conditions, the separation of disaccharide isomers was poor (data not shown). To improve the separation by promoting the formation of a borate-sugar complex, alkaline solutions were examined. For the analysis of GAG-∆-disaccharides, the use of 150 mM borate in a 25 mM sodium phosphate buffer, pH 8.5, permitted complete resolution. Electropherograms of heparan sulfate-∆-disaccharides and chondroitin sulfate-∆-disaccharides are shown in Fig. 2 . All of the saccharides, which have no sulfated group or contain one to three sulfate groups per molecule, were well separated under these conditions. The peaks of nonsulfated-saccharide appeared before unreacted free reagent peak, and then peaks of saccharides containing one to three sulfate groups were detected in order of increasing negative charge.
This method was applied to analyses of hyaluronic acid and keratan sulfate disaccharides prepared by complete enzymatic digestion of the oligosaccharides. Interfering peaks were not observed within the analytical time frame (Fig. 3) . The hyaluronic acid digestion showed only one peak of ∆Di-HA (Fig. 3a) . Keratan sulfate digestion showed two peaks (Fig. 3b) . From the charge of the molecules, we supposed that the first peak was derived from a disaccharide containing no sulfate group, and the last one was that containing one sulfate group.
Oligosaccharides analysis
To realize a clear separation of similar saccharides, the combination of several different separation modes is necessary. In this paper, we examined three kinds of electrolyte solutions for separations. 2-AA derivatives having both carboxyl and amino groups can be neutral or positively or negatively charged, depending on the pH of the running electrolyte solution. 15 Pyridylaminated-glycans could be separated under a low-pH buffer system in which electroosmotic flow was stopped. 19, 20 First, we analyzed 2-AA derivatives using a low-pH phosphate buffer (pH 2.5). The migration of positively charged 2-AA derivatives was slow, i.e., free 2-AA appeared at 22 min, and 2-AA maltose appeared at over 40 min (data not shown). Therefore, we concluded that the low-pH system was not suitable for 2-AA derivative separation.
Size separation of 2-AA-labeled oligosaccharides was achieved using a 75 mM phosphate buffer (pH 7.0) as a running electrolyte solution. Figure 4 shows the structures of analyzed N-glycans. The electropherograms of glucose-oligmers and Nglycans are shown in Fig. 5 . Although lower molecular-weight oligomers were well separated, higher molecular-weight oligomers showed poor resolution (Fig. 5a) . The problem could be overcome by adding 0.5% polyethylene glycol (PEG) to the running electrolyte solution. The use of this compound had also been found to improve the peak shapes; this condition permitted the complete separation of glucose-oligomers (4 -15 glucose unit) (Fig. 5b) . Similar results were obtained in 75 mM phosphate buffer (pH 7.0) containing 0.5% dextran or dextran sulfate (data not shown).
By adding PEG, the peak shape was improved because of the low molecular diffusion of the analytes, which is derived from the high viscosity of the electrolyte solution. Moreover, the separation pattern was also changed because of a molecular sieving effect of PEG. The low concentration of PEG (0.1 -0.3%) resulted in a long migration time because of a decrease in electroosmosis, whereas, in the case of higher concentration (more than 0.5%), the migration time became short, since the electrophoretic mobility of the analytes was decreased. Moreover, the addition of an excess amount of PEG caused a remarkable fluctuation of the baseline. The analytical condition was applied to the separations of N-glycans, which could be effectively resolved and detected in order to decreasing molecular mass (Fig. 5d) .
While the separation with phosphate buffer systems relied mainly on differences in the charge-to-mass-ratio, additional selectivity could be achieved by the borate complexation of carbohydrate. By using 200 mM borate in a 25 mM sodium phosphate solution (pH 10.0), low molecular mass glucoseoligomers (4 -13 glucose unit) were well separated, and peaks of high molecular mass glucose-oligomers (13 -15 glucose unit) came closer (Fig. 6a) . N-Glycans were effectively resolved and detected based on configurational differences. The complex-type N-glycans were migrated earlier than the high mannose-type N-glycans (Figs. 6b and c) .
Conclusions
An HPCE method was developed for the analyses of disaccharides and oligosaccharides in combination with 2-AA derivatization. Nine GAG-∆-disaccharides were effectively resolved using 150 mM borate in a 25 mM phosphate solution, of which the pH was 8.5 and little higher than that of the running solution for the monosaccharides analysis. 17 The method was successfully applied to determine the disaccharide composition of hyaluronic acid and keratan sulfate in combination with enzymatic digestion. Because all kinds of disaccharides comprising chondroitin sulfate and heparan sulfate were well separated, we concluded that this analytical system is useful for GAG analyses.
Similarly, glucose-oligmers and N-glycans were separated using a 75 mM phosphate buffer (pH 7.0) containing 0.5% PEG or 200 mM borate in a 25 mM sodium phosphate solution (pH 10.0) as a running electrolyte solution. In combination with enzymatic digestion, this method was also expected to be useful in the determination of oligosaccharide structures in a glycoprotein.
